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INTRODUCTION
The disaccharidases maltase and trehalase have been demonstrated in membrane fractions prepared from rabbit (2-4) and rat (5) kidney, but the functional significance of these enzymes in the kidney remains unknown.
It was suggested several years ago (6) that trehalase may play a role in the active transport of glucose by the intestine as well as the kidney. In the intestine, there is evidence that trehalase is located in the mucosal brush border, spatially superficial to the glucose transport mechanism (7) (8) (9) . This experimental finding, together with other data summarized by Semenza and Rikova (10) , argues against the participation of trehalase in the active transport of glucose. However, in more recent studies (11) , using everted sacs of small intestine, new data have been obtained which imply the existence of disaccharidases (maltase, trehalase, sucrase), internal (serosal) as well as external (mucosal) to the glucose transport receptors. Also, papain digestion of kidney brush border membranes (3) releases maltase into the supernate but leaves trehalase bound to the membrane matrix.
On the basis of these data, the suggestion that trehalase plays a role in the intestinal and renal transport of glucose remains a viable hypothesis.
We have previously described (12, 13) [2486] [2487] [2488] [2489] [2490] [2491] [2492] [2493] [2494] given in the previously mentioned publications (12, 13) and are described briefly in the Methods section below.
The present study was undertaken to investigate the nature of the interaction between disaccharides, in particular trehalose and maltose, with the luminal and antiluminal surfaces of the nephron and to determine the relationship (if any) to the glucose transport mechanism. METHODS
The surgical and experimental procedures used in these studies have been described in detail in previous publications (12) (13) (14) . Briefly, a closed arterial injection of a mixture of indicators (total volume of 0.35-0.45 ml) is made into the left renal artery of an anesthetized mongrel dog, and timed serial samples are obtained simultaneously from left renal vein (30 samples in 15 or 30 s) and from right and left ureters (30 urine samples in 5 or 10 min). Appropriate internal standards are prepared in blood and urine collected prior to each experimental run. By analyzing the internal standards along with the unknown samples in blood and urine the concentration of the injected indicators is determined. The data are expressed as fractional recovery (of the total amount injected) per milliliter of whole blood, versus time, for the renal venous effluent, and as fractional recovery versus time in the urine effluent. Recirculation corrections as well as methods for calculation of blood flow, mean transit time and fractional tracer reabsorption from the urine have been previously described (12, 13) .
It is worth noting that the rationale for using our method to differentiate luminal and antiluminal events is based upon having a valid reference marker for the extracellular space. In the case of the dog kidney it turns out that creatinine can serve as such a marker. Then, if a test solute has a transit pattern in either the renal venous or urine effluent that superimposes on the corresponding creatinine curve its distribution must be identical to that of creatinine, namely extracellular. If, on the other hand, the transit pattern of a test solute emerges in the renal vein effluent so that in the first few samples the recovery is less than that of simultaneously injected creatinine, such an observation implies that the test solute has available an excess volume of distribution from the postglomerular capillary circulation compared to creatinine. This means that the test solute is either binding to or crossing the antiluminal surface of the nephron, from the postglomerular circulation.
Similarly, when the urine outflow pattern for a test solute emerges symmetrical to but lower than that of simultaneously filtered creatinine, then a fraction of the test solute has been extracted by the luminal surface somewhere between the point of filtration and the point of urine collection. Because sugar reabsorption has been localized to the proximal tubule (15) (12) .
Blood pressure, blood pH, Po2 and Pco2 were determined for each run. At the end of each experiment, the kidney was removed, weighed, and examined for any gross abnormality.
All the chemical dilutions were performed using automatic dilutors whose reproducibility is 0.6% (ADD System, Fisons Scientific Apparatus Ltd., Loughborough, Leicestershire, England) and the reproducibility of each experimental data point is better than 3%.
Thin-layer chromatography was carried out on silica gel plates (Eastman Kodak, Rochester, N. Y.). Chromatography was performed on alcohol filtrates of samples from blood, urine, injection solutions, and unlabeled sugar standards of glucose, trehalose, and maltose. For trehalose the solvent was a mixture of n-butanol, ethanol, water, and ammonium hydroxide in a ratio of 45: 5: 49:1. The chromatograms were run for 3-4 h (10 cm migration of solvent front) and spots were visualized with periodate potassium permanganate (British Drug Houses Ltd., Poole, Dorset, England).
Radioactivity was recoverable only in areas corresponding to the disaccharide or glucose. For a given sample the percentage of '4C radioactivity in the form of the intact disaccharide or constituent monosaccharide was obtained as follows: First the chromatographic spots corresponding to the origin, the disaccharide, and the monosaccharide were extracted. Then the eluted spots were added to 10 ml of liquid scintillation fluid and counted in a beta liquid scintillation spectrometer. Quench corrections were made using a channels ratio technique. The relative proportion of dpm representing either the di-or monosaccharide can then be expressed as a percentage of the total recoverable radioactivity, using the origin as a blank.
RESULTS
Typical outflow or transit patterns for radiolabeled lactose, sucrose, maltose, and aa-trehalose are shown in Figs. 1-4 , respectively. Table I shows some quantitative data relating recoveries and mean transit times for the test disaccharides compared to the extracellular reference creatinine. Inspection of the renal vein data reveals that the curves for the 14C-labeled disaccharides and that of simultaneously injected creatinine are superimposable on one another. This indicates that these substances have an extracellular distribution from the postglomerular circulation.
Inspection of the urine data shows that sucrose and lactose are superimposable on the creatinine curve. This A CREATININE Table I ) of the tracers must have been extracted by the luminal surface of the nephron. Previous studies (12) have shown that low systemic doses of phlorizin can completely inhibit glucose transport at the brush border surface of the proximal tubule. A series of experiments were designed in which two runs were performed. First a control was obtained (blood and urine), in which either '4C-labeled trehalose or maltose was injected along with T1824 and creatinine. Following this, phlorizin was administered systemically in a dose of 100 mg (dissolved in 50 ml of 20 mM sodium bicarbonate). After approximately i h, a second run was performed with the same injection solution as that used in the control. This low dose of phlorizin had no effect on the renal vein outflow patterns of maltose or aa-trehalose. The urine outflow curves for these experiments are shown in Figs. 5 and 6 and the data are presented in Tables II and III (column two) . Inspection of the outflow curves shows that phlorizin increases the excretion of the carbon-14 label and, ill effect, completely inhibits the fractional extraction of the filtered radiolabel by the luminal surface of the nephron.
There are only two ways to explain these results: (1) either the disaccharides, maltose and trehalose are reabsorbed by a phlorizin sensitive mechanism (i.e. by the transport system for D-glucose) or (2) somewhere between the point of injection (renal artery), and the phlorizin sensitive n-glucose transport sites (brush border of proximal tubule), the disaccharides are hydrolyzed into their constituent monosaccharides and are then reabsorbed as D-glucose.
To distinguish between these possibilities it was first necessary to show that dog blood and urine contain no maltase or trehalase activity. Chromatography of whole blood incubated with [ had to be occurring somewhere between the point of filtration (glomerulus) and the site of D-glucose reabsorption (i.e. glucose (G) receptors located along the brush border of the proximal tubule). The experimental protocol before and after phlorizin loading was then repeated (see Figs. 5 and 6) but this time individual renal venous and urine samples (encompassing the peak recovery periods) were subjected to thin-layer chromatography, along with the injection solution and appropriate standards. The percentage of "4C activity recovered as the monosaccharide (glucose), and disaccharide (maltose or trehalose) was determined as outlined in the Methods section. The total urine recovery of creatinine (after correcting for recirculation) is a measure of the filtration fraction and also of the total amount of 14C activity filtered. Since no hydrolysis occurred in the arterial blood, the amount of '4C activity filtered represents 14C activity of the injected disaccharide. From the urine recovery of '4C and the percentage recoverable by chromatography, the amount excreted as the monosaccharide or disaccharide can be calculated. These data are presented in Tables IT and   III. The results shown in Tables II and III demonstrate that under control conditions when only a small amount of filtered 'C activity is excreted in the urine, all of the under conditions of maltose recovered label is in the form of the intact disaccharide (either maltose or trehalose, depending upon what was originally injected). After the administration of phlorizin, the "4C activity excreted in the urine rises to approximately 100% of that filtered. Under these conditions, "C activity roughly equivalent to the amount of label previously reabsorbed is recoverable as ["C]glucose. Fig. 7 shows the urine results obtained when a dog was first preloaded with a large dose of unlabeled maltose, and then given an injection of tracer ["C]maltose. A second run was made following the systemic administration of 100 mg of phlorizin. The chromatographic data for this experiment are also shown in Table III. The data indicate that maltose loading increases the fractional excretion of '4C activity compared with control conditions (Fig. 4) and that all of the excreted '4C label under these conditions is identifiable as the intact disaccharide. Following phlorizin administration, this 4C activity in the urine rises close to 100% of that filtered and the excess excretion is now in the form of Our findings in vivo, for trehalase and maltase localization in dog kidney, agree with the enzymatic content in isolated brush border membranes from rat kidney (5, 16, 17) . Treatment of these brush border fragments from rat kidney with papain or trypsin, results in differential release of maltase, trehalase, aminopeptidase, and alkaline phosphatase into the supernate. The effect of the in vitro solubilization procedures on the functional integrity of glucose transport receptors, however, is uinsettled (see references 16 and 17) , so that it is impossible to tell from these in vitro studies whether the disaccharidases are superficial to the glucose transporters. In contrast, our in vivo data definitely localize trehalase as well as maltase to the glycocalyx region superficial to the glucose transport system. Thus the experimental findings showing that papain digestion releases maltase but not trehalase from membrane preparations (3) is probably a reflection of the structural organization of these enzymes within the membrane, with respect to each other, and has little to do with their relationship to the glucose transport mechanism.
What about the presence of disaccharidases internal (i.e. serosal) to (21) . It might also be postulated that inherited or acquired intestinal disaccharidase deficiency states could be accompanied by similar deficiencies in kidney a-glucosidases. In a recent study of the metabolism of circulating maltose in man, only 3% of an administered maltose load was excreted in the urine either as maltose or glucose (22) . Extrapolating from our present study on dogs, the low urine excretion of maltose is probably the result of the hydrolysis of filtered maltose along the proximal tubule brush border and subsequent reabsorption as glucose.
Despite the fact that their occurrence could be simply vestigial in man, the presence of a-glucosidases in renal tubular membranes provide useful membrane markers for in vitro studies and serve to emphasize the structural and functional similarities between intestinal and renal epithelia.
